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Abstract 

Accumulation  of  time-dependent  strain  during  dwell-fatigue  experiments  of  iBN-Sylramic  Melt 
Infiltrated  SiC/SiC  composites  is  investigated.  A  two-hour  load  cycle  is  repeated  for  specimens 
without  holes  and  specimens  with  a  central  hole  under  the  following  conditions:  i)  a  stress  ratio 
of  0.05,  ii)  various  stress  levels,  iii)  815  °C  and  1204  °C,  iv)  different  times  up  to  600  hours  and  v) 
different  hole  diameters.  An  increase  in  the  accumulation  of  time-dependent  strain  with  the 
increase  in  time  and  stress  level  is  observed  for  specimens  with  and  without  holes  with  the 
time-dependent  strain  at  1204  °C  much  higher  than  that  observed  at  815  °C.  All  specimens 
recovered  part  of  their  time-dependent  strain  at  the  minimum  stress  level  and  the  value  of 
both  time-dependent  strain  and  recovery  strain  depreciated  with  time. 

Residual  strain  to  failure  for  specimens  without  holes  that  did  not  fail  during  dwell  fatigue 
experiments  showed  a  reduction  with  the  increase  in  the  amount  of  strain  accumulated  during 
the  experiment.  A  curve  fitting  procedure  of  this  experimental  data,  as  well  as  data  from 
archived  literature,  pointed  at  the  possibility  of  the  existence  of  a  finite  amount  of  strain  to 
failure  of  all  specimens  tested  at  both  temperatures.  This  was  observed  regardless  of  the  value 
of  the  stress  or  the  strain  rate,  as  long  as  the  maximum  stress  was  below  a  certain  critical  value 
close  to  the  end  of  the  knee  of  the  stress-strain  curve. 

Accumulation  of  time-dependent  strain  in  the  vicinity  of  a  central  hole  is  studied  using  Finite 
Element  Analysis  utilizing  data  from  experiments  without  holes.  A  large  increase  in  strain 
accumulation  with  time  is  observed  in  the  vicinity  of  the  hole,  up  to  9  times  higher  than  strain 
in  areas  far  from  the  hole. 

Key  words:  Ceramic  Matrix  Composites  (CMCs),  Modeling,  time-dependent  response.  Dwell 
fatigue. 

Introduction 

As  Ceramic  Matrix  Composites  (CMCs)  are  being  considered  for  long  duration  applications,  a 
strong  understanding  of  their  behavior  under  conditions  of  sustained  load  at  operating 
temperatures  is  needed.  Examples  of  long  term  applications  can  be  found  in  ground  base 
turbines  for  power  generation  where  CMCs  are  being  considered  for  combustor  liners,  turbine 
vanes  and  shroud  applications  [1,2],  These  applications  can  experience  operational  times  in 
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excess  of  30,000  hours  (>  3  years)  with  various  loading  and  unloading  scenarios.  Such  long 
term  applications  leverage  the  high  temperature  material  capability  while  taking  advantage  of 
the  weight  reduction,  reduced  cooling  and  durability  improvements  that  CMCs  can  provide. 

It  can  be  envisaged  that  any  CMC  used  as  a  combustor  liner  or  as  a  vane  will  need  to  be 
attached  to  another  material  to  be  held  in  place,  even  if  there  is  only  a  need  for  a  location  pin 
or  a  way  to  stop  rotation;  a  feature  that  breaks  the  continuity  of  the  reinforcing  fibers  and 
requires  some  machining.  Hence,  it  is  imperative  that  our  understanding  of  their  behavior 
should  include  the  effect  of  the  existence  of  a  feature  such  as  a  through-thickness  hole. 

The  material  under  investigation  in  this  study  is  iBN  Melt  Infiltrated  (Ml)  SiC/SiC  CMC  developed 
under  the  Enabling  Propulsion  Materials  Program  and  labeled  N24.  To  manufacture  Ml  SiC/SiC 
composites,  Sylramic®  fiber  tows,  with  800  fibers  per  tow,  are  woven  into  5-harness  satin 
balanced  weaves  with  20  ends  per  inch.  An  in-situ  Boron  Nitride  (iBN)  treatment  is  applied  to 
these  weaves  forming  a  fine  layer  of  BN  on  the  surface  of  every  fiber.  Eight  layers  of  the  fabric 
are  laid  in  a  graphite  mold,  with  holes  allowing  gas  infiltration,  and  a  BN  coat  is  applied  to  the 
fibers  via  a  Chemical  Vapor  Infiltration  (CVI)  process  to  further  protect  the  surface  of  the  fibers. 
SiC  is  introduced  to  the  coated  layers  via  a  CVI  process  up  to  around  30%  volume  ratio  of  open 
porosity  of  the  panel.  SiC  particulates  are  then  slurry  cast  into  the  panel  followed  by  melt 
infiltration  of  a  Si  alloy.  The  panel  at  this  time  typically  has  around  2%  volume  ratio  of  open 
porosity.  Manufacturing  details  of  this  composite,  micrographs  of  its  internal  structure  and  its 
mechanical  properties  at  room  temperature  and  1204  °C  can  be  found  elsewhere  [3,4], 

In  this  article,  we  attempt  to  add  to  the  knowledge  of  the  time-dependent  response  of  this 
material  to  aid  in  its  design  for  long  term  applications.  We  present  a  study  of  the  accumulation 
of  time  dependent  strain  during  dwell  fatigue  experiments  conducted  on  specimens  with  and 
without  a  central  hole.  The  impact  of  the  existence  of  the  hole  as  well  as  the  size  of  the  hole  are 
delineated  and  a  numerical  technique  is  used  to  shed  light  on  the  distribution  of  accumulated 
time-dependent  strain  around  the  hole.  Two  temperatures  are  investigated,  1204  °C  as  the 
main  projected  operating  temperature  and  815  °C  as  a  possible  temperature  where  pesting 
may  take  place  in  SiC/SiC  composites  [5],  Residual  strength  experiments  for  specimens  that  did 
not  fail  during  dwell  fatigue  tests  are  reported  and  analyzed  to  understand  the  effect  of  the 
environmental  exposure  at  the  testing  temperature  and  the  accumulation  of  the  time- 
dependent  strain  on  the  material. 

Experimental  procedures 

Specimens  without  holes  were  165.1  mm  long  and  12.7  mm  wide  with  a  reduced  gage  section 
of  27.5  mm  long  by  8.255  mm  wide.  The  transition  radius  into  the  gage  section  was  set  at 
307.34  mm.  Specimens  with  holes  were  152.4  mm  long,  without  a  reduced  gage  section,  with  a 
central  hole-diameter  of  2.286,  4.572  or  6.35  mm  located  at  the  center  of  the  gage  length.  The 
width  of  the  specimens  with  the  central  hole  was  5  times  the  diameter  of  the  hole.  All 
specimens  had  an  average  thickness  of  2.1  mm. 
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Tensile  testing  was  conducted  on  specimens  at  24  °C,  815  °C  and  1204  °C  to  characterize  the 
material  instantaneous  behavior  under  different  stress  levels  at  these  temperatures  as  shown 
in  Figure  1.  Similar  tests  were  conducted  for  specimens  with  holes  at  1204  °C  as  shown  in  Figure 
2. 

All  dwell-fatigue  experiments  were  conducted  in  air  using  a  SiC  furnace  at  1204  °C  or  815  °C 
with  the  temperature  controlled  by  using  a  thermocouple  placed  on  the  specimen.  Load  was 
cycled  on  and  off  every  two  hours  at  a  strain  rate  of  1.24xl0"4  s"1  for  load-up  and  unload.  A 
typical  load-time  profile  is  shown  in  Figure  3  which  was  adopted  to  mimic  possible  operational 
conditions.  Load  was  applied  using  a  dead  weight  with  a  lever  arm  that  is  controlled  by  a  cam 
system.  Strain  was  recorded  using  a  single  25.4  mm  extensometer  for  the  entire  test. 
Experiments  were  conducted  at  various  times  up  to  600  hours. 

Specimens  without  holes  tested  at  1204  °C  were  subjected  to  stress  levels  of  110.4,  165.6, 
193.2  and  220.8  MPa  at  a  stress  ratio  of  0.05  with  at  least  three  specimens  per  data  point.  At 
815  °C,  specimens  were  only  subjected  to  stress  levels  of  110.4,  165.6  MPa  to  check  for  pesting 
conditions  with  at  least  two  specimens  per  data  point.  The  number  of  specimens  was 
determined  based  on  the  availability  of  the  material.  The  stress  of  110.4  MPa  was  selected 
because  it  is  in  the  linear  elastic  region  of  the  tensile  stress-strain  curve  while  stresses  165.6 
and  193.2  MPa  are  within  the  knee  region  where  in-elastic  strain  is  occurring  indicating  that  the 
matrix  is  cracking  allowing  for  some  environmental  attack  into  the  specimens.  Stress  220.8 
MPa  was  selected  to  show  the  material  behavior  at  the  end  of  the  knee  region  at  a  point  of 
possible  matrix  crack  saturation  [6], 

Specimens  with  holes  were  only  tested  at  1204  °C.  Specimens  with  a  2.286  mm  central  hole 
were  subjected  to  net  section  stress  levels  of  55.16,  110.4,  165.6  and  193.2  MPa  to  evaluate  the 
effect  of  the  existence  of  a  hole  on  the  strain  response.  Specimens  with  4.572  and  6.35  mm 
central  holes  were  tested  at  55.16  and  110.4  MPa  to  evaluate  the  effect  of  the  hole  size.  Stress 
55.16  MPa  was  selected  to  show  the  specimen  response  at  a  low  stress  level  in  the  linear  region 
of  the  tensile  stress-strain  curve,  and  110.4,  165.6  and  193.2  MPa  net-section  stresses  were 
chosen  to  allow  for  comparison  with  specimens  without  holes.  Two  specimens,  per  data  point, 
were  tested  at  55.16  and  110.4  MPa  for  all  central  hole-diameters,  and  one  specimen  per  data 
point,  was  tested  at  165.6  and  193.2  MPa  for  the  2.286  mm  hole.  The  number  of  specimens 
was  determined  based  on  the  availability  of  the  material. 

Residual  strength  experiments  were  conducted  for  specimens  without  holes  and  specimens 
with  2.286  and  4.572  mm  central  holes  that  did  not  fail  in  dwell  fatigue  experiment.  Specimens 
without  holes  tested  in  dwell  fatigue  at  1204  °C,  were  tested  for  their  residual  strength  at  room 
temperature  and  1204  °C,  while  specimens  tested  in  dwell  fatigue  at  815  °C  were  tested  at 
room  temperature  and  815  °C.  Experiments  were  carried  out  by  loading  the  specimens  in 
tension  until  failure  at  a  strain  rate  of  1.59  xlO"4  s'1. 


Approved  for  public  release;  distribution  unlimited. 


3 


Analysis  of  experimental  results 

A  Matlab®  code  was  developed  to  extract  the  time-dependent  strain  for  each  cycle  out  of  the 
large  amount  of  data  acquired  during  these  experiments.  Using  this  tool,  a  typical  stress-strain 
response  for  the  first  few  cycles  in  the  dwell  fatigue  experiments  can  be  represented  as  shown 
in  Figure  4.  For  all  specimens,  each  load  cycle  followed  a  hysteresis  loop.  As  the  specimen  is 
loaded,  a  strain  response,  similar  to  that  of  the  tensile  stress-strain  curve,  is  observed.  During 
the  two  hour  at  the  hold  stress,  time-dependent  strain  accumulates,  and  upon  unload  the 
specimen  recovers  part  of  its  accumulated  strain.  At  the  minimum  stress  level,  the  specimen 
recovers  an  additional  part  of  its  accumulated  strain.  The  area  of  the  hysteresis  loop  of  the  first 
cycle  was  much  larger  than  that  observed  in  subsequent  cycles  and  continued  to  decrease  with 
additional  cycles. 

Specimens  without  holes:  Figure  5  shows  the  total  (elastic  +  time-dependent)  strain  versus  time 
for  specimens  without  holes  tested  at  1204  °C  under  110.4,  165.6,  193.2  and  220.8  MPa  stress 
levels.  The  elastic  component  of  the  strain  increased  linearly  with  the  increase  in  the  stress  and 
the  rate  of  accumulation  of  time-dependent  strain  increased  with  the  increase  in  the  stress 
level.  Three  tests  were  conducted  at  220.8  MPa,  which  is  at  the  end  of  the  knee  in  the  stress- 
strain  curve  as  shown  in  Figure  1,  with  two  of  the  specimens  failing  in  less  than  two  hours  and 
the  third  specimen  surviving  for  250  hours  without  failure  pointing  at  the  possibility  that  this 
stress  level  is  at  the  edge  of  the  material  capability.  The  mathematical  function  for  the  increase 
in  the  accumulation  of  the  time-dependent  component  was  extracted  from  data  fitting  using  a 
3-parameter  curve  fitting  approach,  indicated  on  Figure  5  by  solid  lines,  according  to  the 
equation: 


Time  dependent  strain  =  Aontp  ...(1) 

Where,  A=1.5xl0"23,  n=2.31,  p= 0.33,  a  =  applied  stress  in  Pascals,  and  t  =  time  in  hours.  A 
reasonable  level  of  consistency  between  the  curve  fit  and  the  data  can  be  observed. 

Figure  6  shows  that  specimens  tested  at  815  °C  exhibited  an  increase  in  the  total  strain  with  the 
increase  in  the  stress  level  but  the  accumulation  of  the  time-dependent  strain  was  less  than 
that  observed  at  1204  °C.  Curve  fitting  using  Equation  (1)  was  reasonably  successful  as  seen 
from  Figure  6.  It  yielded  similar  values  for  constants  n  and  p  but  a  different  value  for  constant  A 
(A=0.2xl0  23).  Other  than  the  two  specimens  that  failed  at  220.8  MPa  mentioned  above,  no 
other  specimens  without  holes  failed  at  either  temperature. 

It  was  observed  that  time-dependent  strain  accumulation  at  the  maximum  stress  during  hold 
time  and  strain  recovery,  measured  as  the  strain  recovered  at  the  minimum  stress,  are  not 
constant  from  cycle  to  cycle.  Figure  7  shows  the  change  in  the  value  of  these  time-dependent 
strains  over  time  for  specimens  loaded  at  stresses  of  110.4  and  165.6  MPa.  A  2-parameter 
curve  fitting  equation  was  used  to  evaluate  that  change: 

Time  dependent  strain  per  hour  —  mtb  ...(2) 


Approved  for  public  release;  distribution  unlimited. 


4 


Where,  m  and  b  are  constants  and  t  is  time  in  hours.  The  value  of  m  at  the  110.4  MPa  stress 
was  4xl0"5for  strain  accumulation  4.34xl0'5  for  strain  recovery  and  at  the  165.6  MPa  stress  was 
1.22xl0"4  for  strain  accumulation  and  1.30xl0"4for  strain  recovery.  The  value  of  the  constant  b 
at  110.4  MPa  stress  for  strain  accumulation  was  -0.152  and  for  strain  recovery  was  -0.212, 
while  its  value  at  165.6  MPa  stress  for  strain  accumulation  was  -0.192  and  for  strain  recovery 
was  -0.251. 

Specimens  with  a  central  hole:  Figures  8  to  10  show  the  change  of  the  total  apparent  strain 
with  time  for  specimens  with  a  central  hole.  The  term  "apparent  strain"  is  used  because  the 
hole  is  located  in  the  middle  of  the  gage  section  hindering  the  ability  to  directly  compare  its 
value  to  the  value  of  the  strain  for  specimens  without  holes  shown  in  Figure  5.  It  can  be  seen 
that  the  value  of  the  total  apparent  time-dependent  strain  consistently  increased  with  the 
increase  in  the  net-section  stress  level  and  the  increase  of  the  time  of  exposure  at  load.  Only 
one  specimen  with  a  2.286  mm  central  hole  tested  at  193.2  MPa  and  shown  in  Figure  6  failed 
after  34  hours.  It  can  be  seen  by  comparing  data  in  Figures  8  to  those  in  Figure  5,  that  except 
for  the  failed  specimen,  the  pattern  of  strain  accumulation  for  specimens  with  a  central  hole  is 
similar  to  those  without  it. 

Residual  strength:  Tensile  testing  was  conducted  on  specimens  that  did  not  fail  during  dwell- 
fatigue  experiments.  For  specimens  without  holes  tested  in  tension  at  room  temperature,  a 
reduction  of  strength  was  evident  with  the  passage  of  time.  Also,  the  higher  the  stress  endured 
during  dwell  fatigue  experiments,  the  lower  the  stress  needed  to  fail  the  specimen.  Specimen 
loaded  at  220.8  MPa  in  dwell  fatigue  showed  the  largest  reduction  in  strength  with  time  of 
exposure.  This  is  expected  due  of  the  high  density  of  cracks  at  this  stress  level. 

Figure  11  shows  a  plot  of  the  strain  to  failure  during  residual  strength  experiments  for 
specimens  without  holes  versus  time-dependent  strain  accumulated  during  dwell  fatigue 
experiment  tested  at  both  temperatures.  It  can  be  seen  that,  regardless  of  temperature  for  the 
dwell  fatigue  test  or  the  residual  strength  test,  as  the  time-dependent  strain  accumulation 
increases,  the  residual  strain  to  failure  decreases.  Figure  11  also  includes  data  reported  in  [7] 
from  the  same  material  for  samples  tested  in  residual  strength  after  creep  testing  and  samples 
that  failed  during  creep.  Curve  fitting  using  a  linear  operator  for  all  of  these  samples  yielded  the 
equation: 

Residual  strain  =  -0.952  x  strain  evolved  during  test  +  0.0048  ...(3) 

The  effect  of  the  net-section  stress  level  and  time  duration  on  the  strength  of  specimens  with 
holes  was  not  as  evident  or  consistent  as  they  were  for  specimens  without  holes.  The  effect  of 
the  diameter  of  the  hole  was  negligible  which  can  be  attributed  to  the  constant  ratio  of  the 
hole-diameter  to  specimen  width  adopted  in  these  experiments. 
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Finite  Element  Analysis 

It  is  mathematically  infeasible  to  compare  time-dependent  strain  for  specimens  without  holes 
to  apparent  time-dependent  strain  for  specimens  with  a  central  hole  in  which  the  hole  is 
situated  inside  the  gage  region.  Additionally,  it  is  hard  to  experimentally  evaluate  the  time- 
dependent  strain  accumulation  in  the  immediate  vicinity  of  the  hole.  In  order  to  shed  light  on 

these  two  issues  a  Finite  Element  analysis  was  carried  out  using  ANSYS®  software. 

A  specimen  with  a  central  hole  was  constructed  in  ANSYS®  and  meshed  using  element  type 
PLANE  182  to  map  the  model  in  2D  and  element  type  SOLID185  was  used  to  run  the  analysis  in 
3D.  A  fine  mesh  was  defined  around  the  hole  as  shown  in  Figure  12.  The  orthotropic  time- 
dependent  behavior  of  the  material  was  represented  by  a  combination  of  Hill's  anisotropy 

model  and  the  implicit  Creep  Model  6  in  ANSYS®  utilizing  equation  (1). 

Values  of  time-dependent  strain  accumulation  at  four  different  locations  around  the  hole  for 
samples  tested  at  1204  °C  are  shown  in  Figure  13.  Location  1  is  where  the  extensometer  leg 
was  placed  1.27  cm  above  the  center  of  the  hole  at  the  edge  of  the  specimen,  point  2  is  located 
1.27  cm  above  the  hole  at  the  center  of  the  specimen,  point  3  is  at  the  center  between  the 
edge  of  the  hole  and  the  edge  of  the  specimen  and  point  4  is  at  the  edge  of  the  hole.  Figure  13 
shows  the  model  output  for  a  4.572  mm  central  hole  loaded  at  55.16  MPa,  as  an  example.  It 
can  be  seen  that  the  local  time-dependent  strain  accumulation  at  the  edge  of  the  hole  is  much 
higher  than  that  at  any  other  location.  In  this  specific  case,  the  time-dependent  strain 
accumulation  at  the  hole  edge  (point  4)  was  estimated  to  be  as  high  as  9  times  higher  in  value 
than  that  reported  by  the  extensometer  (located  at  point  1)  after  250  hours  and  continued  to 
increase  with  time. 

Model  runs  were  verified  by  comparing  their  results  to  data  acquired  at  point  1  for  different 
hole-diameters  at  different  stress  levels  as  shown  in  Figure  14.  Strain  accumulations  over  time 
calculated  by  the  model  were  lower  than  those  acquired  at  55.16  MPa  and  reasonably  close  to 
those  acquired  at  110.4  MPa.  Similar  results  were  observed  for  other  hole  sizes. 

Discussion  and  conclusions 

Dwell  fatigue  experiments  were  conducted  on  Ml  SiC/SiC  composites  to  study  the  effect  of 
repeated  load/unload  on  specimens  with  and  without  holes  at  815  °C  or  1204  °C  and  a  stress 
ratio  of  0.05.  A  multitude  of  stress  levels  and  hole-diameters,  with  the  ratio  of  hole-diameter  to 
specimen  width  maintained  at  20%,  were  investigated.  Based  on  the  results  presented  above, 
the  following  discussion  items  and  conclusions  can  be  stated: 

1.  Data  for  time-dependent  strain  for  specimens  without  holes  showed  a  relatively  consistent 
increase  of  strain  accumulation  with  time  and  stress  level.  Curve  fitting  using  a  3-parameter 
curve  was  reasonably  successful  for  1204  and  815  °C  as  shown  in  Figures  5  and  6.  Constants 
used  for  curve  fitting  listed  in  Equation  (1)  were  similar  at  both  temperatures  except  for  the 
constant  (A)  which  was  much  lower  at  815  °C  than  at  1204  °C  leading  to  the  conclusion  that 
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time-dependent  strain  at  the  former  temperature  is  lower  than  that  at  the  latter  and  that 
pesting  as  observed  in  [8]  was  not  witnessed  at  815  °C. 

2.  Time  dependent  strain  accumulation  was  observed  at  the  maximum  stress  level.  This  can  be 
caused  by  crack  opening  and  creep  of  the  Si  alloy.  With  the  cracks  open,  the  surrounding 
environment  ingresses  into  the  composite,  causes  oxidation  of  the  BN  coat,  produces  a 
glassy  phase  [5,9]  that  bonds  fibers  and  matrix  in  the  region  of  the  matrix  crack  and  seals 
the  crack.  Unloading  and  loading  the  specimen  breaks  the  seal  and  allow  further  ingress  of 
the  environment.  Images  taken  of  the  failure  region  after  residual  strength  tests  revealed 
the  existence  of  a  glassy  phase  formed  around  fibers  as  shown  in  Figure  15  for  specimen 
tested  in  dwell  fatigue  at  a  stress  of  220  MPa. 

3.  A  considerable  amount  of  the  strain  accumulated  at  the  maximum  stress  level  was 
recovered  at  the  minimum  stress  as  shown  in  Figure  4.  A  similar  phenomenon  was 
witnessed  by  Reynauld  et  al  for  a  CVI  SiC/SiC  composite  [10].  Both  strains  decayed  with  time 
as  shown  in  Figure  7  and  an  empirical  equation  was  obtained  for  such  decay  using  a  2- 
parameter  curve  fit.  Strain  recovery  can  be  caused  by  a  partial  closure  of  the  matrix  cracks 
upon  unload,  or  an  elastic  rebound,  or  both.  If  it  is  due  to  crack  closure,  then  the  decay  in 
the  recovery  strain  can  be  caused  by  the  production  of  the  glassy  phase  within  the  crack 
limiting  its  closure  motion.  It  should  be  noted  that  at  a  stress  of  193.2  MPa  the  average 
matrix  crack  spacing  was  reported  to  be  greater  than  2  mm  and  that  the  matrix  cracks  are 
not  through-the-thickness  [7],  The  proposed  deformation  mechanism  is  possible  at  such 
high  crack  density.  If  the  strain  recovery  is  due  to  an  elastic  rebound,  its  reduction  over  time 
can  be  explained  by  the  buildup  of  the  time-dependent  strain  in  the  matrix  and  its 
resistance  to  elastic  recovery. 

4.  Specimens  with  a  central  hole-diameter  of  2.286,  4.572  or  6.35  mm  showed  an  increase  in 
strain  accumulation  with  time  as  shown  in  Figures  8-10.  Since  it  is  not  possible  to  evaluate 
the  effect  of  the  existence  of  a  hole  by  directly  comparing  the  value  of  apparent  strain  of 
specimens  with  a  central  hole  to  the  value  of  the  strain  for  specimens  without  a  hole  a 

numerical  analysis  was  conducted  using  ANSYS®.  The  numerical  model  showed  a  marked 
increase  in  the  value  of  strain  accumulation  in  the  vicinity  of  the  hole,  as  shown  in  Figure  13. 
This  can  cause  cracks  at  the  sides  of  the  holes  allowing  the  oxidizing  environment  to  ingress 
into  the  specimen  causing  a  reduction  in  the  strength  of  the  specimen  over  time.  Contrary 
to  this  conclusion,  such  reduction  in  strength  was  not  evident  from  experimental  data.  It  is 
hypothesized  that  the  applied  maximum  stress  level  was  not  high  enough  for  large  cracks  to 
form  and  impact  the  strength  of  the  specimens. 

The  numerical  analysis  was  also  used  to  calculate  the  value  of  the  time-dependent  strain 
accumulation  at  a  point  where  the  leg  of  the  extensometer  was  located  for  specimens  with 
a  central  hole  as  shown  in  Figure  14.  The  calculated  values  were  close  to  values  obtained  for 
specimens  without  holes  showing  that,  for  the  test  duration,  the  impact  of  the  hole  on 
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strain  distribution  is  limited  to  the  area  around  the  hole  and  does  not  affect  the  overall 
time-dependent  strain  accumulation  in  the  far  field  region. 

5.  Residual  strength  experiments  for  specimens  without  holes  showed  a  reduction  in  strength 
after  dwell  fatigue  experiments.  This  was  particularly  true  for  specimens  loaded  at  a  stress 
level  close  to  the  end  of  the  knee  of  the  stress  strain  curve  due  to  possible  crack  saturation 
at  such  high  stress  level.  A  reduction  in  the  strength  with  the  passage  of  time  spent  during 
dwell  fatigue  experiments  was  also  noticed  for  most  specimens. 

6.  Residual  strain  to  failure  showed  a  reduction  with  the  increase  in  accumulated  time- 
dependent  strain  during  dwell  fatigue  experiments  as  shown  in  Figure  11.  Curve  fitting  using 
Equation  (3)  showed  a  reasonable  agreement  with  data  for  specimens  without  holes 
regardless  of  the  stress  level  or  the  time  of  exposure.  It  seems  that  the  amount  of  the  total 
strain  to  failure  for  all  of  these  specimens  is  similar.  A  possible  explanation  to  this 
observation  can  be  that  the  strain  to  failure  is  mainly  controlled  by  the  iBN-Sylramic  fibers 
which  are  less  prone  to  time-dependent  strain  [10]  than  any  other  constituent  in  the 
composite.  Following  this  logic,  the  time  to  failure,  within  a  dwell  fatigue  experiment,  can 
be  estimated  using  Equations  (1)  and  (3)  for  specimens  under  different  stress  levels  and 
strain  rates.  Specimens  with  holes,  similar  to  the  ones  used  in  this  study,  are  expected  to 
have  a  much  shorter  time  to  failure. 
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Figure  2:  stress-strain  curve  for  specimens  with  holes  at  1204  °C 
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Figure  3:  Stress-time  profile  for  dwell-fatigue  experiments 
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Figure  4:  Typical  stress-strain  response  for  a  dwell-fatigue  experiment.  Data  shown  is  from  the 
first  six  cycles  of  a  193.2  MPa  test  for  a  specimen  without  a  hole  at  1204  °C. 
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Total  strain 


Figure  5:  Total  strain  versus  time  response  in  dwell  fatigue  experiments  for  specimens  without 
holes  at  various  stress  levels  at  1204  °C.  Experimental  data  points  are  marked  in  symbols,  while 
solid  lines  indicate  curve  fitting  using  a  3-parameter  equation. 
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Figure  6:  Total  strain  versus  time  response  in  dwell  fatigue  experiments  for  specimens  without 
holes  at  110.4  and  165.6  MPa  at  815  °C.  Experimental  data  points  are  marked  in  symbols,  while 
solid  lines  indicate  curve  fitting  using  a  3-parameter  equation. 
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Figure  7:  Strain  accumulation  at  maximum  stress  and  strain  recovery  at  minimum  stress  versus 
time  for  specimens  without  holes  loaded  at  stresses  of  110.4  MPa  and  165.6  MPa.  Experimental 
data  points  are  marked  in  symbols,  while  solid  lines  indicate  curve  fitting  using  a  2-parameter 

equation. 
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Figure  8:  Total  apparent  strain  versus  time  response  in  dwell  fatigue  experiments  for 
specimens  with  a  2.286  mm  central  hole  subjected  to  55.16,  110.4,  165.6  and  193.2  MPa  net- 

section  stresses  at  1204  °C. 
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Total  apparentstrain 


Figure  9:  Total  apparent  strain  versus  time  response  in  dwell  fatigue  experiments  for  specimens 
with  a  4.572  mm  central  hole  subjected  to  55.16  and  110.4  MPa  net-section  stresses  at  1204  °C. 
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Figure  10:  Total  apparent  strain  versus  time  response  in  dwell  fatigue  experiments  for 
specimens  with  a  6.35  mm  central  hole  subjected  to  55.16  and  110.4  MPa  net-section  stresses 

at  1204  °C. 
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Figure  11:  Residual  strain  to  failure  versus  time-dependent  strain  during  dwell  fatigue 
experiments  for  specimens  without  holes  tested  at  different  stress  levels.  Experimental  data 
points  are  marked  by  a  solid  circle  and  the  solid  line  is  curve  fitting  using  a  linear  operator. 
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Figure  12:  3D  meshing  of  specimen  with  a  central  hole  (left),  and  the  time-dependent  strain 
accumulation  under  load  in  the  area  around  the  hole  (right). 
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Figure  13:  Total  strain  versus  time  at  four  different  locations  around  a  4.572  mm  central  hole 
under  a  stress  of  55.16  MPa  at  1204  °C.  The  extensometer  legs  rested  at  point  1  providing  the 

readings  shown  in  Figure  9. 
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Figure  14:  Experimental  data  and  ANSYS®  results  for  total  strain  versus  time  at  point  1  for 
specimens  with  2.286  mm  central  hole  under  a  stress  of  55.16  and  110.4  MPa  tested  at  1204 
°C.  Experimental  data  points  are  marked  in  symbols,  while  solid  lines  indicate  result  of  ANSYS® 

runs. 
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Figure  15:  Oxidation  of  BN  and  flow  of  the  glass  phase  around  fibers.  Image  acquired  after 
residual  strength  experiment  from  the  failure  region  of  a  specimen  without  holes  tested  at  a 

stress  of  220  MPa  in  dwell  fatigue. 
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